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Using the current value of #13 obtained from Daya Bay experiment we discuss the discovery 
reach of CP violating phase 8 using a neutrino beam from electron capture process considering 
two baselines- 250Km and 600 Km. We use Water Cherenkov detector. We find that even at 5a 
confidence level CP violation could be found for about 95% (90%) of the possible 8 values for a 
baseline of 250 km (600 Km) for both the neutrino mass hierarchies in contrast to about 45% of the 

£Nj . possible 8 values for 130 Km baseline using superbeam as both neutrino and antineutrino sources. 

It is also found that the precision of sensitivity of measurement of 8 from electron capture process 
are quite good for certain true values of 8 - particularly for 250 Km baseline the precision could be 
as good as 0.95 % and 3.26 % for S(true) = 0° and 90° respectively in contrast to precision of about 
18.75 % and 18.36 % for superbeam with both neutrino and antineutrino sources at 130 Km CERN 

X^/y . to Frejus baseline. 

w 

I. INTRODUCTION 

fi: 

I , Neutrino oscillation probability depends on various oscillation parameters present in the mixing matrix - 

!> 1 the PMNS matrix [l| and the neutrino mass square differences. Two of the angles 6*12 and 6*23 have been 

known with certain accuracy. Furthermore, recently sin 2 29^ corresponding to the third mixing angle have 
. been predicted with 5a accuracy by DAYA-BAY experiments This discovery of sin 2 26 13 has been the 

inspiration to this work. The mass square differences - jAm^l and Arn^j is known but the sign of Amf^ and 
Q\ " as such the hierarchy (whether it is normal (NH) or inverted (IH) ) of neutrino masses is still unknown. Also 

the CP violating phase S is still unknown. Hence the neutrino oscillation experiments focuses on finding 
out the CP violating phase and in determining the hierarchy. Various neutrino oscillation experiments 
like superbeam, neutrino factory, beta beams and reactor experiments are focussing on determining these 
•<"^ 1 unknown parameters to complete the picture of neutrino oscillations. 

X: 

In order to determine these unknown parameters another option of using a neutrino beam with neutrinos 
emitted from an electron capture is proposed in recent years Such beam can be produced using an 

accelerated nuclei that decay by electron capture . Electron capture can be defined as a process in which an 
electron is captured by a proton releasing a neutron and an electron neutrino. In the rest frame of the mother 
nuclei the electron neutrino that is released from such process, has a definite energy Q. Since the idea of 
using a neutrino beam emitted from an electron capture process is based on the acceleration and storage of 
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radioactive isotopes that decays to daughter nuclei, one may get the suitable neutrino energy by acelerating 
the mother nuclei with suitable Lorentz boost factor 7. One can control the neutrino energy by choosing 
the appropriate Lorentz boost factor as the energy that has been boosted by an appropriate boost factor 
towards the detector is given as E v = 2^Q. Hence for certain mother nuclei to get the required neutrino 
energy the boost factor have to be chosen appropriately with respect to Q. Using such type of beams is quite 
interesting in the sense that with one boost factor 7 a large range of neutrino energy can be covered and an 
accurate neutrino energy can be determined simultanoeusly. Due to the nature of such beam it is expected 
to have better precision in finding various neutrino oscillation parameters. In this work we use such a flavor 
pure electron neutrino beam emitted from electron capture process at high 7 and target it towards a Water 
Cherenkov detector and try to study the discovery limit of the CP violating phase. 

In section II we discuss the details of the nuclei considered for the electron capture experiment and approach 
of numerical simulation, the experimental setups that we have considered and the detector characteristics. 
Next, using perturbation method we have shown the order of dependence of S on v e — > oscillation 
probability for 250 Km and 600 Km baselines. In section III we discuss the discovery reach of CP violation 
and precision of measurement of 5 {true) for the above-mentioned two baselines. We summarize and conclude 
in section IV. 



II. EXPERIMENTAL SETUPS AND v e ->■ v u OSCILLATION PROBABILITY 



In doing the analysis as done by earlier authors [3j, we consider the isotope 50° Sn. In the electron capture 
process of the above mentioned isotope, the produced neutrinos are monochromatic in nature and has an 
energy of Q = 267 KeV in the rest frame. The boosted neutrino beam produced from such process hit the 
detector at a baseline length of L at a radial distance R from the beam axis and the energy of this beam in 
rest frame of the detector is given by: 



E„(R) = ^ 

7 



(1) 



1 + ( 7 i?/L) 2 



where R is the radius of the detector. From the above equation (fTJ) the energy window considered for the 
analysis which is constrained by the size of the detector is given by: 

7-7 2 J Q /n2 <E V < 2 7 Q (2) 

While doing the analysis the radius of the detector is fixed at R max = 100 m. From equation @ we can see 
that once the baseline length L and 7 is fixed the energy window gets fixed. 

In this work GLoBES lOj software has been used for doing the simulations. In order to use the software, 
the radial binning is replaced by binning in energy and the bins are not equidistant. If we divide R^ax m t° 
k bins (fc = 100) the edges of the bins are given as: 

R i = Rrnax ~ (* " l)Ai? 2 (3) 

with 

AR 2 = ?^ss. (4) 
k 
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We consider Rj > R 2 +1 so that in GLoBES the respective energy bins are in the correct order as given below 



E'{Rl) < E'(R 2 +1 ) 
where E' is the neutrino energy in the lab frame and is given by: 



E'(R) 



9. 
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The mean value of each energy bin is considered as 



EL 



E>(R?)+E'(R? +1 ) 



In one energy bin the number of event is given by: 

N, 



(5) 



(6) 



(7) 



(8) 



where is the signal efficiency in the respective bin, P(L,Ei) Ue ^„ is the neutrino oscillation probability, 
cr{E'A is the charged current cross section per nucleon, N nuCt i is the number of target nucleons in the 
geometrical size of the «-th bin and -^{E[) is the angular neutrino flux and is given as: 

2 

Q 



dn _ Ndecays ( E[ 



(9) 



The detailed derivation of these expressions can be found in 0]. 



Following the perturbation method 12| and by considering the standard model matter effect A ~ a for 
neutrino energy E around 1 GeV where a = Am 2 2 / Am 2 3 an d A = 2\f2GFn e E and n e is the electron 
number density in matter; we present below the probability of oscillation P Ue ^ v for 250 Km 
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(10) 



Similarly, considering .A ~ y/a we present below the probability of oscillation for 600 Km as given below: 



Pf. -+v.. 
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One may note that in both the baselines the leading contribution to probability which is coming from the 
second term is independent of 5. Based on recent Daya Bay result considering sin# 13 ~ y/a the leading 
term in both the expressions are of order a. However, the third term in both the expressions shows that 
Pu e ^n>u depends on S which is of order a 3 / 2 . So the precision measurement of 5 is relatively difficult in 
comparison to other neutrino mixing parameters. We have plotted the probability P(v e — > v^) with respect 
to energy for the two different setups in figure [T] for three different values of 5 as mentioned in the figures. 
The length of the baseline is also mentioned in the figures. The shaded band in the figures show somewhat 
suitable energy windows for the different setups. For illustration, we have considered only normal hierarchy 
in plotting figure [T] 
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FIG. I: Probability P(u e — » f M ) vs neutrino energy E v for two different setups. 



We consider a Water Cherenkov detector of fiducial mass 500 kt. The signal efficiency is considered to be 
0.55, background rejection factor to be 10 -4 , signal error of 2.5% and background error to be 5%. Energy 
resolution is taken to be 0.151? . We assume 10 18 electron capture decays per year and the datas are taken 
over a period of 5 years. Further for doing the analysis we choose two different setups: 
Setup(a): The length of the baseline is taken to be 250 Km and the boost factor 7 to be 2000. 
Setup(b): The length of the baseline is taken to be 600 Km and the boost factor 7 to be 2500. 

We have compared discovery potentials of CP violation obtained using monoenergetic neutrino beam to 
that using neutrino superbeam (SPL) facility at CERN. For that we have considered third setup as follows: 
Sctup(c): The length of the baseline is taken to be 130 Km corresponding to CERN-Frejus baseline. For 
this we have considered water Cherenkov detector with fiducial mass of 500 kt, running time (y + v) for 5+5 
yrs. We have considered beam intensity 4 MW and systemetics on signal and background as 2%. For the 
simulation we have used the setup as provided by GLoBES 11| based on reference [13| . 

In doing the simulations we have considered the following parameter values as the true values 14j: 
jAmlil = 2.45 x 10~ 3 , Sm\ x = 7.64 x 10" 5 , sin 2 2(9 23 = 45°, sin 2 28 12 = 34.2°, sin 2 26 13 = 9°. Also 
we have considered priors of 3% for 0i2, 2.5% for Am 2 1; 8% for 23 , 4% for Am 2 x and 0.005 for sin 2 20 13 . A 
2% uncertainty is considered on the matter density. 
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III. RESULTS 
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FIG. 2: Discovery of CP violating phase <5 for two setups and for both the hierachies. 



In figure [2] we have shown the discovery of the CP violating phase 6 at 5er confidence levels for three 
different setups-setup(a), setup(b) and setup(c) for both the hierarchies (NH and IH). We hnd that the 
discovery of CP violation for setup(a) is remarkable even at 5cr and that of setup(b) is also good. In general, 
the discovery reach for CP violation considering superbeam as considered in setup (c) for 130 Km baseline is 
expected to be quite good with high beam power around 4 MW and this can compensate the reduced cross- 
section coming due to low neutrino energy. Furthermore, there is negligible matter effect which otherwise 
could mimic strongly the CP violation. However, as seen from the figures [2] for the setup (a) and (b) the 
discovery reach is significantly better than setup (c). This is because of high energy resolution and also 
better statistics with large number of events in using monoenergetic neutrino beam. We find that even at 
5tr confidence level CP violation could be found for about 95% (90%) of the possible S values for a baseline 
of 250 km (600 Km) for both the neutrino mass hierarchies in contrast to about 45% of the possible S values 
for 130 Km baseline using superbeam as neutrino source. 
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FIG. 3: 8 (true) vs S (test) at 5<r confidence level for two different setups and for both NH and IH as mentioned in 
the figures. 



In figure[3]we have shown the contour for <5(true) vs <J(test) for the three setups and both the hierarchies at 
5a confidence level. From the figures one may find out the precision (Ps(true)) of sensitivity of measurement 
for any true value of 5 using the following expression for it: 

S(test)(max) — 5(test)(min) 
5{true) = 2vr + 6(test)(max) - 5(test)(min) (1 ' 

where S(test)(max) and S(test)(min) are the maximum and minimum 5(test) values respectively correspond- 
ing to certain true values as shown in figure |3] As for example, for setup (a) the precisions of measurement 
of 6 (true) for 0° and 90° are about 0.95 % and 3.26% respectively; for setup (b) those are about 1.8 % and 
12.5% respectively whereas for superbeam (setup (c)) those are about 18.75 % and 18.36 % respectively. 



IV. CONCLUSION 



In this work for comparative study we have considered two different type of neutrino sources to find the 
discovery reach of the CP violating phase 8. One type of source is only v e from electron capture decays of 
gJ°Sn isotopes (setup (a) and setup (b) ) directed towards water Cherenkov detector and the other type is 
both neutrino and antineutrino from superbeam (setup (c)). As seen from figure [5] for the first type of source 
CP violation could be observed for almost 95 % of the possible 6 (true) values for 250 Km baseline which 
could be at best about 45 % for the second type of source for 130 Km baseline. From figure [3] corresponding 
to S(true) the presion of measurement could be as good as 0.95 % for first type of source in contrast to about 
18.75 % for superbeam. The overall excellent discovery reach for the first type of source has been found. 
This is primarily due to the scope of precise resolution of neutrino energy reconstruction and also for the 
presence of purely one type of neutrino flavor (v e ) in the beam Q. After the discovery of neutrino vacuum 
mixing angle #13 by Daya Bay experiment Q it is now very important to know precisely the value of CP 
violating phase S. For this it seems that considering the neutrino source from electron capture decays could 
be quite worthwhile in future. 
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